Abstract. Natural killer (NK) cells, discovered ~40 years ago, are believed to be the most effective cytotoxic lymphocytes to counteract cancer; however, adoptive NK cell therapy in vivo has encountered certain limitations, including a lack of specificity. The drug cetuximab can mediate antibody dependent cell mediated cytotoxicity (ADCC) activity through NK cells in vivo, and has been approved for the first-line treatment of epidermal growth factor receptor (EGFR)-positive metastatic colorectal cancer (CRC). However, the ADCC activity of adoptive NK cells, induced by cetuximab in a nude mouse CRC xenograft model, has not been previously reported. The aim of the present study was to explore the ADCC activity of cetuximab combined with adoptive NK cells in CRC xenograft models with various EGFR expressions. The nude mouse xenograft models were established by subcutaneously injecting LOVO or SW620 cells. The mice were then randomly divided into 6 groups: Phosphate-buffered saline, cetuximab, human immunoglobulin G (hIgG), NK cells, hIgG plus NK cells and cetuximab plus NK cells. The ADCC antitumor activity was evaluated in these CRC models. The results indicated that the cetuximab plus NK cells group showed the greatest tumor inhibition effect compared with the NK cells group in LOVO xenograft tumor models with positive EGFR expression. However, the combination of cetuximab and NK cells did not show a stronger tumor inhibitory effect against the SW620 xenograft tumor models compared with the efficiency of NK cells. In conclusion, cetuximab could intensify the ADCC antitumor activity of adoptive NK cells towards CRC with an increased EGFR expression. The combination of cetuximab and NK cells may be a potential immunotherapy for metastatic CRC patients with positive EGFR expression.
Introduction
Colorectal cancer (CRC) is the fifth leading cause of cancer-associated mortality in China (1) . Surgery is the first-line treatment for patients with early-stage and localized tumors, but certain patients with recurrent or metastatic disease are inoperable when they arrive at the hospital. Chemotherapy and radiotherapy could be adopted for such patients, yet the adverse effects can be unbearable and the 5-year survival rate remains low (2) . Therefore, novel treatment approaches with acceptable toxicity levels are required to improve the therapeutic efficacy and survival rate of inoperable patients.
Since the 1990s, certain novel achievements towards improving the prognosis of patients with advanced CRC were established, including an immunotherapy strategy based on antigen-targeted therapy via monoclonal antibodies (mAbs). mAbs, including panitumumab, bevacizumab and cetuximab, have been recently approved by the Food and Drug Administration for first-line treatment of advanced CRC (3) . In addition, the adoptive transfer of natural killer (NK) cells is also an emerging method to eliminate the metastasis of CRC (4, 5) .
Cetuximab, a human-mouse chimerized anti-epidermal growth factor receptor (EGFR) immunglobulin G1 (IgG1) monoclonal antibody, has been previously used to specifically combine with EGFR on the cell surface and intercept downstream signal conduction; as a result, tumor cell proliferation, invasion, metastasis, angiogenesis were inhibited and tumor cell apoptosis were promoted (6) (7) (8) . In addition, cetuximab may target tumor cells by antibody dependent cell mediated cytotoxicity (ADCC) activity (9) . However, data accumulated from clinical studies indicate that metastatic CRC showed limited responses to cetuximab, when used as a monotherapy (10) .
The use of NK cells, the most powerful type of innate immune cell, is another immunotherapy option for patients with advanced CRC. NK cells were previously demonstrated to directly kill human tumor cells that had been freshly isolated from gastric, renal cell and colon carcinomas (11) . The cytotoxicity of NK cells is regulated by a series of activating or inhibiting signals, which may improve the sensitivity of NK cells to affecting tumor cells (9, 12, 13 can kill tumor cells directly through the release of intracellular toxic substances, including perforin and granzyme (14) . Furthermore, NK cells produce cytokines, such as interferon-γ (IFN-γ), tumor necrosis factor-α and interleukin-2 (IL-2), to enhance the antitumor effects and mediate tumor cell apoptosis via the FasL/Fas apoptosis pathway (15, 16) . NK cells can also induce ADCC activity in order to lyse tumor cells (14) .
Although the results of NK cell therapy have been promising in vitro, adoptive NK cell therapy in vivo possesses certain limitations, including the immunosuppressive environment of CRC or a lack of specificity (17) . ADCC activity is regulated by a complex balance of activating and inhibiting signals, including membrane coreceptors and serum proteins, such as cytokines, chemokines and hormones (18) . NK cells only express activated cluster of differentiation (CD)16a (also called Fc fragment of IgG receptor IIIa), and are widely accepted as the key immune cells to mediate ADCC antitumor activity (19) . The Fc receptor of NK cells can identify the constant region of tumor-bound antibodies, which allows NK cells to kill antibody-coated target cells via ADCC activity specifically (20) . Siokawa et al (15) confirmed that rituximab could significantly enhance the ADCC activity and improve the killing effects of NK cells towards leukemia xenograft cells in immune deficient NOG mice. Elotuzumab, a monoclonal antibody, was shown to enhance NK cell-mediated ADCC activity in SLAM family member 7-expressing myeloma cells (21) . Roda et al (22) found that after combining with cetuximab, NK cells would enhance IFN-γ secretion by 3-10 times. These studies demonstrate that the combination of NK cell therapy with antibody-based immunotherapy may be an effective way to enhance the antitumor activity towards CRC.
In a previous study, the ADCC activity of NK cells was demonstrated to be important in cetuximab-induced cytotoxicity in EGFR-positive colon cancer cells in vitro (23) . In addition, Yang et al (24) suggested that cetuximab could mediate ADCC activity through NK cells in vivo. However, the ADCC activity of adoptive NK cells, induced by cetuximab in a nude mouse CRC xenograft model, has not been previously reported. In the present study, healthy human NK cells were regarded as effector cells, and the ADCC activity or antitumor effects of cetuximab combined with adoptive NK cells were observed in CRC xenograft models with varying degrees of EGFR expression. The present study was conducted in order to explore a potential immunotherapy for advanced CRC, based on the combination of cetuximab and adoptive NK cells. Cancer cells culture. Human CRC SW620 and LOVO cells were cultured in RPMI-1640 medium containing 10% fetal bovine serum (FBS; Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA) in an incubator at 37℃ with 5% CO 2 .
Materials and methods

Animals
NK cell isolation and cultivation. A 40 ml sample of peripheral blood was obtained from five healthy human donors between April and August 2013, which was approved by the Ethics Committee of Fujian Provincal Cancer Hospital (Fuzhou, China) and written informed consent was obtained. Peripheral blood mononuclear cells (PBMCs) were isolated using Ficoll-paque lymphocyte separation medium and then washed twice with phosphate-buffered saline (PBS). The PBMCs were resuspended in 100 µl PBS, stained with 10 ul CD3-FITC and 10 ul CD56-PE monoclonal antibodies and then incubated at 4˚C for 30 min in darkness. The cells were then washed twice using PBS, prior to being evaluated by the MoflowXDP flow cytometry and sorted into CD3 -CD56 + NK cells. The NK cells were cultured in RPMI-1640 medium containing 20% fetal bovine serum, recombinant IL-2 (1,000 units (U)/ml), streptomycin (100 µg/ml) and penicillin (100 U/ml) for 10 days. Establishment of nude mouse xenograft model. After one week of breeding in the SPF conditions, logarithmic phase LOVO or SW620 cells (5x10 6 cells) were subcutaneously injected into the mice via the left axillary (LOVO group, n=30; SW620 group, n=30). Tumorigenicity was observed, by assessing the tumor volume over time.
ADCC activity assay of NK cells in vitro.
Experimental groups and intervention. When the volume of the tumors had reached ~200 mm 3 (7-8 mm in diameter), the 30 mice were divided into 6 groups and received the following interventions: i) Intraperitoneal injection of 0.2 ml PBS; ii) intraperitoneal injection of cetuximab (1 mg/kg); iii) intraperitoneal injection of hIgG (1 mg/kg); iv) intravenous injection of NK cells (2x10 6 cells) through the caudal vein; v) intraperitoneal injection of hIgG (1 mg/kg) and intravenous injection of NK cells (2x10 6 ); or vi) intraperitoneal injection of cetuximab (1 mg/kg) and intravenous injection of NK cells (2x10 6 ). These interventions were executed 3 times per week, for 4 weeks.
Nude mouse xenograft tumor assay. To observe the tumor growth in the mice, tumor diameter was measured 2 times per week using vernier calipers, and tumor volume was calculated with the formula: Volume = 0.5 x long diameter x (short diameter) 2 . Subsequent to data collection, a tumor growth curve was drawn. All the mice sacrificed by CO 2 inhalation 3 days following the end of treatment and tumors were resected and weighed. The antitumor rate was evaluated with the formula: Antitumor rate (%) = (average tumor weight of control group -average tumor weight of experimental group)/average tumor weight of control group x 100. Pathological changes to the tumor tissues were observed by immunohistochemistry (IHC) and terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL). IHC was used to detect the expression of EGFR and Ki-67, whereas xenograft cell apoptosis was analysed by TUNEL. Human CRC specimens obtained from CRC patients who provided written informed consent at Fujian Provincal Cancer Hospital (Fuzhou, China) in September 2013 were used as positive controls, while PBS was used as a negative control. The expression level of EGFR or Ki-67 was assessed by randomly selecting 5 non-overlap ping fields of view in an optical microscope, and counting 100 tumor cells per field. The percentage of positive cells or apoptosis cells was regarded as the labeling index (LI) or apoptosis index (AI), respectively. An expression score of 0-10% was regarded as negative (-), 10-25% as weak positive (+), 26-50% as positive (++) and 50-100% as strong positive (+++).
Statistical analysis. SPSS 19.0 (IBM SPSS, Armonk, NY, USA) was used for the analysis of all statistics. Data were presented as the mean ± standard error of the mean. One-way analysis of variance was used to determine the differences between multiple groups. Various groups were compared using the Bonferroni test. P<0.05 was considered to indicate a statistically significant difference.
Results
Purity of NK cells. After 14 days of culture, the percentage of NK cells (CD3 -CD56 + ) cells was 92.60±3.83% (Fig. 1) , which met the requirements for the following experiments.
ADCC activity of NK cells in vitro.
The inhibition rate of CRC cells is shown on Table I . NK cells had a marked inhibitory Table I . Antibody dependent cell mediated cytotoxicity activity of natural killer cells towards LOVO and SW620 cells in vitro, expressed as the inhibition rate of LOVO or SW620 cells (%). Values are presented as mean ± standard error of the mean. effect towards the LOVO and SW620 cells, and the inhibitory rate was positively associated with the effector-to-target ratios (r= 0.994, P= 0.006; r= 0.972, P= 0.028). In addition, the inhibitory rate was greater in the LOVO cells compared with the SW620 cells (P=0.003).
Mouse weight and xenograft tumor volume prior to treatment.
After 5 days of subcutaneous implantation, the xenograft tumors grew well in the nude mice, and the tumor size grew to ~200 mm 3 after 14 days. For each group of mice, the weight and xenograft tumor volume was analyzed prior to treatment, and no statistically significant difference was shown (P= 0.132 and P=0.880, respectively).
Xenograft tumor growth curve. The tumor growth curve showed that the LOVO xenograft underwent a growth restriction following the injection of cetuximab plus NK cells, and the average tumor volume was evidently decreased compared with other groups (P<0.0001 compared with the PBS group, P<0.0001 compared with the hIgG group, P=0.004 compared with the cetuximab group, P= 0.02 compared with the NK cells group and P= 0.01 compared with the hIgG plus NK cells group). Furthermore, the tumor growth was also inhibited in the cetuximab only, NK cells only and NK cells plus hIgG groups, with similar inhibitory effects in each (P=0.113). The tumor volume was inhibited, but no statistically significantly difference was found, among the cetuximab plus NK cells, NK cells and NK cells plus hIgG groups of the SW620 xenograft models (P=0.374), and tumor growth was not inhibited in the cetuximab group (Fig. 2) .
Xenograft tumor weight.
At the end of experiment, the average LOVO xenograft tumor weight of the cetuximab plus NK cells group was decreased compared with any of the other groups (P<0.0001 compared with the PBS group, P<0.0001 compared with the hIgG group, P= 0.004 compared with the cetuximab group, P= 0.047 compared with the NK cells group and P= 0.005 compared with the hIgG plus NK cells group), and the inhibition rate was 47.92%, which was ~60% increased compared with the cetuximab or NK cells groups. The cetuximab, NK cells and NK cells plus hIgG groups also demonstrated an antitumor effect compared with PBS group (P= 0.0002, P= 0.0004 and P= 0.0004, respectively), but their tumor weights were increased compared with combination group (P= 0.014, P= 0.017 and P= 0.023, respectively). In SW620 xenograft models, the tumor weight showed no statistical differences among the cetuximab plus NK cell group, NK cells group and NK cells plus hIgG group (P= 0.299), but their tumor weights were decreased compared the control group (P= 0.008, P= 0.004 Table II . Inhibitory rates of tumor weight in xenografts. A B and P= 0.001, respectively). Tumor weight was not affected by cetuximab only in the SW620 cell xenograft models (P= 0.430; Fig. 3 ; Table II ).
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EGFR staining. As shown in Fig. 4 , IHC staining showed that EGFR was mainly expressed in the tumor cell membrane. The EGFR expression in the LOVO xenograft models was strong positive (+++), whereas the expression in the SW620 xenograft models was negative (-).
Ki-67 staining. Ki-67 is an indicator of cell proliferation and is mainly expressed in the cell nucleus. IHC staining showed that the Ki-67 expression of LOVO xenograft tumors in the cetuximab plus NK cells group was 23.8±3.89%, which was decreased compared with the NK cells and cetuximab groups (P=0.003 and P=0.002, respectively). The expression of Ki-67 in the cetuximab plus NK cells group was weak positive (+), whereas the expression in the control groups (PBS and hIgG) was strong positive (+++). In the SW620 xenograft tumor Table III) .
TUNEL assay. TUNEL assays are an indicator of cell apoptosis, in which the nuclei are stained brown in positively staining cells. The results showed that the AI of the LOVO xenograft tumors was 73.80±4.35% in the cetuximab combined with NK cells group, which was evidently increased compared with other groups (P<0.0001 compared with the PBS group, P<0.0001 compared with the hIgG group, P=0.008 compared with the cetuximab group, P= 0.008 compared with the NK cells group and P= 0.002 compared with the hIgG plus NK cells group). The AI in the cetuximab, NK cells and NK cells plus hIgG groups increased compared with the PBS control group (P=0.0009, P=0.0009 and P=0.0003, respectively). The AI of the SW620 xenograft tumors in the cetuximab combined with NK cells, the NK cells and the NK cells plus hIgG groups were increased compared with the PBS control group (P= 0.018, P= 0.004 and P= 0.0007, respectively); however no significant difference was identified between the 3 (non-control) groups (P=0.533). The AI in the cetuximab group was similar to the control group (P= 0.780). These results suggest that NK cells may promote LOVO xenograft tumor cell apoptosis in vivo, and that the effects are increased by the participation of cetuximab. However, SW620 xenograft tumor cell apoptosis was not influenced by cetuximab (Figs. 7 and 8 ; Table IV ). Values presented as mean ± standard error of the mean. NK, natural killer; hIgG, human immunoglobulin G. Table IV . Apoptosis index in xenografts. (25) . Mandal and Viswanathan (25) reported that adoptive NK cell transfer was applied to advanced CRC patients that were refractory to standard therapy, and was demonstrated to be efficacious and safe. The data from the present study also verified that the adoptive injection of NK cells can inhibit LOVO or SW620 xenograft tumor cell proliferation and promote apoptosis compared with a PBS control. However, the effect was not particularly strong and the tumor volume and weight remained at a relatively high level.
Ki-67 labelling index, % --------------------------------------------------------
Cetuximab has been approved for the first-line treatment of EGFR-positive metastatic CRC and somewhat demonstrates therapeutic efficacy when used as a monotherapy in metastatic CRC patients for which chemotherapy has failed. In the present study, cetuximab alone also showed considerable antitumor activity in LOVO xenografts compared with the hIgG control group, and had a similar effect to NK cells. However, cetuximab did not show a significant tumor inhibitory effect in the SW620 xenografts.
The therapeutic target of cetuximab is EGFR, which is a transmembrane glycoprotein (molecular weight, 170 KD) that is composed by extracellular, transmembrane and intracellular tyrosinekinase domains. EGFR is widely expressed in human cell membranes and highly expressed by a variety of epithelial tumor cells, including 60-80% CRCs (26) . The overexpression of EGFR will lead to uncontrolled cell growth and proliferation (3, 27, 28) , which can result in disease progression, metastasis and recurrence and is associated with a poor outcome of CRC (10) . Using IHC staining, the present study confirmed that the LOVO cells were EGFR-positive (+++) and that the SW620 cells were EGFR-negative (-), which was consistent with in vitro experiments reported in the literature (12, 29) . This finding indicated that LOVO or SW620 cells transplanted into nude mice retained the EGFR-positive or -negative biological characteristics. Seo et al (30) verified that cetuximab-mediated ADCC activity was strongly and significantly correlated with the cell surface expression level of EGFR. After completely binding to EGFR, cetuximab can inhibit of the downstream signals induced by its natural ligands, epidermal growth factor and transforming growth factor-α, exposing the cancer cells to the to immune system (12) . NK cells can then lyse the tumor cells bound to cetuximab via ADCC activity (12) . Furthermore, the extent of the activation of NK cells by cetuximab has also been found to correlate with the level of EGFR expression (12) . Therefore, EGFR-negative SW620 xenografts did not respond to cetuximab and adding cetuximab to NK cells did not enhance the tumor inhibitory effect of adoptive NK cells in the present study.
The combination of cetuximab with irinotecan, fluorouracil (5-FU) and folinic acid chemotherapy or oxaliplatin, 5-FU and folinic acid chemotherapy was shown to be effective in a previous study (10) , yet conflicting results were found in the COIN (31) and NORDIC VII (32) trials when cetuximab was combined with oxaliplatin-based chemotherapy. One of the most important aspects was the adverse side effects of chemotherapy. Thus, the present study sought for a safer and more effective way utilize cetuximab for the treatment of metastatic CRC. Pahl et al (12) reported that cetuximab enhances the ADCC activity of NK cells towards osteosarcoma, and the present in vitro study demonstrates that cetuximab may significantly enhance NK-mediated ADCC activity in CRC cell lines. Therefore, cetuximab was combined with adoptive NK cells in vivo and, as expected, cetuximab was found to intensify the ADCC activity of adoptive NK cells towards LOVO xenografts. In agreement with previous studies (10, 33) , the present study found that NK cell-mediated ADCC activity could be a crucial antitumor mechanism of cetuximab in vivo.
Previously, however, certain studies expressed diverging opinions. Wild et al (34) reported that the effect of cetuximab in vivo did not necessarily associate with EGFR expression on the target cell surface, or was affected by a variety of factors in vivo. Similarly, Kurai et al (9) claimed that even low EGFR expression was sufficient for maximum ADCC activity. These reports indicate that the ADCC activity is affected by numerous factors. The ultimate purpose of the present study is to improve therapeutic efficacy and decrease the toxicity of cetuximab or adoptive NK cells for advanced CRC; however, numerous problems remain to be solved, including the suitable amount of NK cells and the minimum dosage of cetuximab required to induce maximal anticancer ADCC activity. Thus, the specific clinical application of this combination also requires additional studies.
In conclusion, the present study suggests that cetuximab combined with adoptive NK cells may be a potential immunotherapy for advanced CRC patients with increased EGFR expression, particularly for patients that are not sensitive to isolated NK cell or cetuximab therapies. The expression of EGFR on tumor cells may be useful as a prediction index for evaluating the efficacy of the combination therapy. In addition, the present study elucidates a novel strategy for promoting cancer treatment by combining molecular target therapy with adoptive cell therapy; however, additional preclinical studies and clinical trials are required in order to focus on their efficacy in combination.
